A new method is developed to deal with the problem that a complex decentralized control system needs to keep centralized control performance. The systematic procedure emphasizes quickly finding the decentralized subcontrollers that matching the closed-loop performance and robustness characteristics of the centralized controller, which is featured by the fact that GA is used to optimize the design of centralized H  controller K(s) and decentralized engine subcontroller K T (s), and that only one interface variable needs to satisfy decentralized control system requirement according to the proposed selection principle. The optimization design is motivated by the implementation issues where it is desirable to reduce the time in trial and error process and accurately find the best decentralized subcontrollers. The method is applied to decentralized control system design for a short takeoff and landing fighter. Through comparing the simulation results of decentralized control system with those of the centralized control system, the target of the decentralized control attains the performance and robustness of centralized control is validated.
INTRODUCTION
Fighters in new generation will incorporate high angle-of-attack maneuver and short take-off and landing capabilities. It has equipped more control surfaces than conventional aerodynamic rudder, such as direct force control and thrust vectoring nozzle. These control surfaces have distributed in the airframe and propulsion systems.
How to effectively coordinate these control surfaces to achieve the commands from flight computer and simultaneously reduce the workload of pilot is the most interested problem in integrated flight/propulsion control (IFPC). At present, a centralized approach to IFPC design in [1] is to design a global-level controller to coordinate the airframe and propulsion systems. This approach considers all the interconnections in the aircraft and thus yields an optimal design. However, it results in a high-order controller which is difficult to implement and validate.
One decentralized control approach in [2] is to design airframe and propulsion subsystem controllers in a hierarchical decentralized structure. These subsystem controllers have the lower order and meet the implementation requirements. However, this approach has not considered the interaction between the airframe and propulsion systems. Reference [3] is directly impose an upper triangular structure on the centralized controller and using Riccati-like equations with an iterative process to solve the decentralized controller, however, for high order system problems, can consume significant amounts of computer time. Another decentralized control approach in [4] and [5] is first designing a centralized controller considering the airframe and engine subsystems as one integrated system, and then partitioning the centralized controller into decentralized airframe and propulsion subcontrollers with a specific interconnection structure. During the design, a thumb decision is used to check whether the partitioned controllers can work well and thus leads a very highly iterative design until the integrated control system satisfy the desired performances. If the full envelope of an aircraft is concerned, designers' work will be very large.
In order to handle the decentralized control problem with uncertainty, this paper developed a new approach that put the problem of designing decentralized controllers into optimization problems and solved by using genetic algorithms.
The paper is structured as follows. Section Ⅱ briefly discusses the integrated flight/propulsion model. Section Ⅲ presents the genetic algorithm based centralized H  controller design for the integrated flight/propulsion system as the performance reference of decentralized control. Section Ⅳ presents the optimization design of the decentralized control for the integrated flight/propulsion system. The simulation results and performance analysis are given in Section Ⅴ, and conclusions are given in Section Ⅵ. 
where, A, B, C, D are state-space matrices.
The model states x, inputs U and outputs y are described below:
In the states vector, u is aircraft body axis forward velocity (m/s), w is aircraft body axis vertical velocity (m/s), q is aircraft pitch rate (°/s),  is pitch angle (°), h is altitude (m), N2 is engine fan speed (r/min), N25 is core compressor speed (r/min), P6 is engine mixing plane pressure (kPa), T41 is engine high pressure turbine blade temp (K).
In the control inputs vector, Wf is engine main burner fuel flow rate (kg/h), A78 is thrust reverser port area (cm 2 ), A8 is main nozzle throat area (cm 2 ), tv is nozzle thrust vectoring angle (°). In the control outputs vector, V is aircraft airspeed (m/s), qv=q+0.1 is pitch variable, which is used in rate command attitude hold (RCAH) control that could track low-frequency pitch rate command and high-frequency pitch angle command, N2P is engine fan speed (percent of maximum allowable r/min at operating condition), R is engine pressure ratio, the last two variables can be the baseline of engine control schedule. FX and FZ are total nozzle forces in the x and z direction (N), TM is total nozzle pitching moment (Nꞏm). In order to reduce condition number of state-space matrices, the model is scaled prior to applying controller design method. The model matrix is full, i.e. the propulsion system states affect the airframe dynamics and vice versa, indicating that there is adequate airframe/propulsion interaction to warrant an integrated control design.
CENTRALIZED CONTROL OPTIMIZATION DESIGN
Considering the integrated model is high-order complex multivariable model, the GA based mixed sensitivity H  controller design method in [6] is used to provide adequate robustness to modeling uncertainty and model parameter variations with the changing of flight condition and meet the requirements of well tracking and decoupling command abilities. The block diagram of centralized control system for an integrated airframe/propulsion model G(s) is shown in Fig. 1 . Note that the control loop allows for feedback of model outputs other than just command tracking error as inputs to the centralized controller K(s). The two degrees of freedom control structure allows simultaneous design of command tracking and loop shaping system. Such control structure is also based on requirements of common flight control system since the overall system requires meeting the desired piloted handling qualities and not just an automatic command tracking system. The rate signal in the model outputs feedback provides for improved damping while position signal feedback improves natural frequency of aircraft mode. Thus this two degrees of freedom control structure is more fit for IFPC than one degree of freedom control structure. 
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where the subscript c refers to centralized control system. 
where P(s) is the augmented plant with the form:
We can find that the order of P(s) is equal to one degree of freedom control structure.
The H  mixed sensitivity design problem is to find a controller K(s) that stabilizes the closed-loop system and satisfies Given a nominal plant G(s)，to find (W1, W2, W3) such that
where 1 is the fitness function of GA, r1i are the multiple performance indices and k1i are their weights.
Let specifications on the system be of the form
where 0 is the H  norm of closed-loop transfer 1 ( ) y r s T , and i are performance functions representing rise time, overshoot, and bandwidth, etc., and 0 and i are real numbers representing the desired bounds on 0 and i, respectively. Take the bandwidth for instance, if i>i2 or i<i1, then r1i =|i-i|, else r1i =0. The weighting functions W1 and W3 were selected to be first order that to provide adequate frequency response shaping while without increasing excessive order of controller. The W2 was selected as scalar form. Over successive crossover, mutation and selection, the genetic algorithm in [7] drives population of individual toward an optimal solution. In design fitness function of GA, there are some tips to obtain satisfactory solution. For example, when the bandwidth of qv has achieved 4.9 rad/s, there is a gap of 0.1 rad/s to desired bandwidth 5 rad/s, GA may be stop to optimize this index since 0.1 is only a small proportion in fitness function. We can increase the bound to 5.5 rad/s and last the solution will satisfy desired bandwidth. The augmented plant is 17th order consisting of the 9th order integrated model, first order sensitivity and complementary sensitivity weighting function for the four controlled variables. The optimal weighting functions can be found by GA optimization, and simultaneously the 17th order centralized controller can be obtained. We have checked the controller itself is stable. Reference [8] has mentioned the significance of controller stability. Further the stable controller is beneficial for controller reduction that will be used in decentralized control. The best fitness values during the optimization design of centralized control are shown in Fig. 3 , although first two generation fitness values are very high due to initial random individuals, finally it is convergent to global optimal value. The centralized control closed-loop system performance is evaluated by Bode diagram and step command response. An example result is shown in Fig. 4 in terms of closed-loop velocity frequency response to all the commanded inputs. We can find that closed-loop system could track velocity commands to the desired bandwidth with small response in velocity to other commands. By analysis, the command tracking bandwidths of centralized closed-loop system are 1.47, 5.79, 5.95 and 10.89 rad/s respectively, which meet the handling qualities requirements well. For compared with decentralized control system, the time-domain response of closed-loop system will given in the later section. The desired structure of the decentralized control will depend on the coupling between the various subsystems and on practical considerations related to integration of the independently controlled subsystems. As pointed out in [5] , the most suitable control structure for the IFPC problem is hierarchical with the airframe (flight) controller generating commands for the aerodynamic control surfaces as well as for the propulsion subsystem. This decentralized, hierarchical control structure is shown in Fig. 5 where the subscripts and superscripts a and e refer to airframe and propulsion system (engine) quantities, respectively, r refers to commands, and the variables y are the controlled outputs of interest with e being the corresponding errors. The intermediate variables yea represent propulsion system quantities that affect the airframe, for example propulsion system generated forces and moments. where Ua and Ue refer to airframe and engine control inputs, and ea and ee refer to airframe and engine commands tracking errors, respectively. 
DECENTRALIZED CONTROLLER DESIGN
Let the controlled plant G(s) be of the form ( ) 
In the decentralized control loop, the controlled plant G(s) has more interface variables than G(s) in the centralized control loop. Thus the superscript apostrophe is being added in the G(s). The results reflect that the changes of FZ and TM are mainly affected by thrust nozzle angle tv while FX is to track the step velocity command. Thus, FX is the most critical variable which need to control.
ASSIGNMENT OF PLANT'S INPUTS AND OUTPUTS
Step pitch variable command will have the same conclusion. We remove FZ and TM, and only retain FX as the interface variable. This simplification also reduces the complexity of engine subsystem controller. In the last, the simulation results of decentralized closed-loop control will reflect the reasonability for only retaining FX. 
Here, the lead compensation was chosen to be a=10, b=30, which resulting in an effective bandwidth of 30 rad/s for interface variable. The idea of controller reduction with stability criteria in [10] is used that the closed-loop stability is guaranteed and the closed-loop performance degradation is limited if ||Td-Tc||∞ is sufficiently small. Simultaneously, the closed-loop transfer function Td does not necessarily make the error  (Td-Tc)(j) sufficiently small uniformly over all frequencies. The approximation error only has to be made small over those critical frequency ranges that affect the closed-loop stability and performance.
ENGINE SUBCONTROLLER ( T K AND
Without loss of generality, the decentralized control closed-loop system is stable if:
where ||Td-Tc||∞ denotes the maximum value of  (Td-Tc)(j) over all frequencies.
The decentralized controller design problem is converted into optimization problem that minimize the error  (Td-Tc)(j) by select KT, i.e.,
Consider the H∞ norm is numerically difficult to calculate in the optimization process, the error can be expressed as the following form:
where m is the number of frequency points in the interested frequency region (1, 2),  is the maximum singular value at the frequency point .
Simultaneously, the KT should meet the specifications of tracking interface variable, The maximum singular value of error  (Td-Tc)(j) with full and reduced order two cases are shown in Fig. 13 . For the full order decentralized control closed-loop system, ||Tfd-Tc||∞=0.1, and ||Trd-Tc||∞=0.2 for the reduced order decentralized control closed-loop system, thus ensuring stability condition (9) and also minimized the error with the centralized control closed-loop system. The results presented so far have focused on comparing the performance achieved with the decentralized subcontrollers to that achieved with the centralized controller.
Robustness issues are also of importance in practical control design. Robustness analysis was performed using structured singular values  for gain and phase variations occurring at the controlled outputs and the results are shown in Fig. 15 for the centralized, full and reduced order decentralized control closed-loop systems. The calculation for robustness analysis using structured singular values is referenced in [11] . The results of simulation and robustness analysis indicate that the optimal controller can be efficiently obtained through optimization. In the decentralized control, the order of subcontrollers can be reduced to the lowest as long as their performance are satisfactory, and the optimization design approach proposed in this paper is still effective for maintain the performance and robustness of centralized control.
CONCLUSIONS
A systematic procedure is presented for designing decentralized integrated flight propulsion control (IFPC) system. The procedure emphasizes efficiently finding the decentralized subcontrollers that matching the closed-loop performance and robustness characteristics of the centralized controller, which is featured by the fact that GA is used to optimize the design of centralized H  controller K(s) and decentralized engine subcontroller KT, and that only one interface variable needs to satisfy decentralized control system requirement according to the proposed selection principle. The optimization design is motivated by the implementation issues where it is desirable to reduce the time in trial and error process and accurately find the best decentralized subcontrollers. The optimization design procedure were described and demonstrated through application to IFPC design for a short take-off and vertical landing aircraft. The simulation results have shown that the optimization design procedure resulted in low order airframe and engine subcontrollers that maintain the performance and robustness achieved by the centralized controller.
